Background: Normal phosphate homeostasis is essential for normal linear growth. The phosphaturic fibroblast growth factor 23 (FGF23)/Klotho axis is a major regulator of phosphate homeostasis; therefore, an intact FGF23/Klotho axis is important for normal linear growth. On the other hand, GH/IGF1 axis has opposing effects on phosphate homeostasis, but the underline mechanisms remain unclear. Aim: The main objective of this study was to investigate the possible interactions of FGF23 and its co-receptor Klotho, with growth hormone (GH)/IGF1 axis in the regulation of phosphate metabolism in GH-deficient children under GH treatment. Methods: We studied 23 GH-deficient children, before and 3 months after the onset of GH treatment. Anthropometry and assessment of biochemical parameters were performed, as well as measurement of FGF23 (intact FGF23/iFGF23 and C-terminal FGF23/cFGF23) and soluble a-Klotho (sKlotho) levels. Results: After 3 months on GH treatment, the elevation of serum phosphate and TmPO4/GFR (P!0.0001 and P!0.01 respectively) was accompanied by a significant increase in cFGF23 (P!0.01), iFGF23 (P!0.0001), sKlotho (P!0.0001) and IGF1 (P!0.0001). Serum phosphate and TmPO4/GFR were positively associated with iFGF23 (P!0.01 and P!0.05) and IGF1 (P!0.05 and P!0.05). iFGF23 levels were positively correlated with sKlotho (P!0.001), IGF1 (P!0.0001) and height SDS (P!0.0001), whereas sKlotho was positively associated with IGF1 (P!0.0001) and height SDS (P!0.001). Conclusion: The increase in serum phosphate, which we found in GH-deficient children under GH treatment, is not associated with suppression but rather than with upregulation of the phosphaturic FGF23/Klotho axis.
Introduction
Normal phosphate homeostasis is essential for appropriate bone and growth plate mineralization and therefore for normal linear growth. The bone-kidney endocrine axis mediated by the fibroblast growth factor 23 (FGF23) and Klotho has emerged as a major regulator of phosphate homeostasis; therefore, an intact FGF23/Klotho axis is important for normal linear growth. This becomes obvious in human genetic disorders with excess of FGF23 (hypophosphatemic rickets) (1) and Klotho (2) where linear growth is impaired.
FGF23 is a phosphaturic hormone that is predominantly produced in the bone by osteocytes and acts directly in renal phosphate handling in the proximal tubule, therefore promoting renal phosphate wasting. In addition, FGF23 causes hypophosphatemia via the inhibition of the 1a-hydroxylase activity simultaneously with the stimulation of the 24-hydroxylase activity, leading to low serum levels of 1,25-dihydroxyvitamin D (1,25-(OH) 2 vitamin D) (3) . FGF23 is catabolized by proteolytic cleavage to smaller N-terminal and C-terminal fragments (4, 5) . Its N-terminal peptide binds to the FGF receptor (FGFR) in the tissues and its C-terminal to Klotho; thus, both terminals are participants in the activity of hormone (5) .
A critical feature of FGF23 is that it requires Klotho, a single-pass transmembrane protein expressed in renal tubules, as an obligate co-receptor to bind and activate FGFRs (6) . The clue to understand Klotho protein function was the fact that FGF23-deficient mice and Klothodeficient mice develop identical phenotypes consisting of premature-aging syndrome and hyperphosphatemia (7, 8) .
On the other hand, the growth hormone (GH)/IGF1 axis, a major determinant of linear growth, has opposing effects on phosphate homeostasis than FGF23/Klotho system because it supports phosphate retention by increasing renal phosphate reabsorption (9, 10) . In GH deficiency, phosphate tubular reabsorption is in the lower limit of normal or reduced, leading to a relative phosphate-deficient state. In addition, GH replacement increases renal phosphate reabsorption (TmPO4/GFR) and serum phosphate concentration (11) , but the underline mechanisms remain unclear. One hypothesis is that GH has a direct anti-phosphaturic effect, and its principal product, IGF1, has been shown to increase TmPO4/GFR and 1,25-(OH) 2 vitamin D through a parathyroid hormone (PTH)-independent mechanism (9). GH/IGF1 could increase serum phosphate by suppressing FGF23/Klotho axis, but data in literature seem not supporting this hypothesis, since FGF23 and Klotho are increased in acromegaly with subsequent decrease after the removal of the adenomas (12, 13) . In addition, in a few children with GH deficiency, GH treatment increased C-terminal FGF23 (14) . However, it is not clear whether GH treatment is associated with increased intact FGF23, as that study measured the C-terminal form which assesses both proteolytic fragments and intact FGF23. The main objective of our study was to investigate the possible interactions of FGF23 and its co-receptor Klotho, with the GH/IGF1 axis in the regulation of phosphate metabolism in GH-deficient children after GH replacement therapy.
Patients and methods

Patients
In total, 23 children (13 girls and 10 boys) with confirmed GH deficiency participated in the study. The mean age at the start of treatment was 9.9 years (range 4.3-15.8). In total, 16 children were prepubertal (seven boys and nine girls) and seven children had entered puberty: four girls had Tanner stage III and three boys had testicular volume 8, 12 and 20 ml.
All patients had decreased height velocity and height below the 3rd percentile (K1.88 SDS). All children had classic idiopathic growth hormone deficiency (GHD), defined as two different GH provocation test peaks !10 mg/l (Clonidine and L-Dopa stimulation tests) and IGF1 below the mean of age-and sex-matched healthy controls. Bone age was delayed in all children by more than 2 years. All patients were treated with daily SC injections of biosynthetic human GH at a dose of 0.023 mg/kg per day.
Age, height (measured by a Harpenden stadiometer) and weight were measured, and pubertal status was clinically assessed according to Tanner stages. Height, weight and BMI were expressed as SDS of the Greek reference data which were automatically calculated by the software program Growth Analyzer 3.
The study was approved by the Ethics Committee of the University Hospital of Patras. All children and their parents were informed, and a written consent was obtained before participation in the study.
Methods
Anthropometry and assessment of biochemical parameters were performed before treatment and 3 months after the onset of GH treatment. Blood and urine samples were collected at 0800 h after overnight fasting for the assessment of serum phosphate, calcium, creatinine, alkaline phosphatase (ALP), IGF1, 1,25-(OH) 2 vitamin D, PTH, C-terminal and full length FGF23, soluble a-Klotho (sKlotho), and urine creatinine, calcium and phosphate.
Biochemical analyses in serum (phosphate, calcium, ALP, creatinine) and urine (phosphate, calcium, creatinine) after overnight fasting were conducted using the automatic analyzer Olympus AU640 immediately after collection. Serum intact PTH was measured by chemiluminescence assay (Roche Elecsys, Roche Diagnostics). 1,25-(OH) 2 vitamin D levels and IGF1 levels were measured by enzyme immunoassays (IDS GmbH, Frankfurt am Main, Germany).
The renal threshold for maximum tubular phosphate reabsorption rate (TmP/GFR; millimoles per liter of GFR) was calculated from values in serum and spot urine according to the nomogram by Walton and Bijvoet (15) . FGF23 levels were determined by two different two-site enzyme-linked immunosorbent assays (ELISA), with an assay that measures only the active form of FGF23 which is the intact full-length FGF23 (iFGF23), in serum samples (Kainos Laboratories, Tokyo, Japan), and with another assay, the C-terminal assay (Immutopics C-terminal assay International, San Clemente, CA, USA) that measures both the active and the inactive FGF23 obtained after proteolytic cleavage of FGF23 (cFGF23) in EDTA plasma centrifuged straight away after collection. The Kainos intact assay uses two monoclonal antibodies to epitopes on either side of the cleavage site: thus, the assay only recognizes the intact molecule. The C-terminal assay uses polyclonal antiserum and recognizes two epitopes on the C-terminal side of the RXXR cleavage site and thus recognizes both full-length FGF23 and C-terminal cleavage fragments of FGF23. The intra-and inter-assay coefficient of variations for iFGF23 and cFGF23 were 2.3-3.6 and 3.1-4.2% respectively. Klotho was also determined by a sandwich ELISA with affinity purified antihuman Klotho (67G3) and antihuman Klotho (91F1) (IBL, Minneapolis, MN, USA) that measures sKlotho protein in human serum samples with an intra-and inter-assay coefficient of variations of 2.7 and 3.9% respectively. The antibodies used in this ELISA immunoprecipitate recombinant human sKlotho and a 130 kDa protein from human plasma (16) . The 130 kDa form is produced by proteolytic cleavage of the glycosylated 135 kDa full-length Klotho (17) . All samples were stored at K80 8C until analysis.
Statistical analysis
Statistical analysis was performed with SPSS 20 software for Windows. Data were expressed as meanGS.D. for parametric or median (range) for non-parametric data distribution. Differences in biochemical indices before and after GH treatment were analyzed by using the paired Student's t-test for parametric and Wilcoxon's paired test for non-parametric data distribution (Klotho and urine Ca). For the comparisons in prepubertal or pubertal children were used non-parametric tests (Mann-Whitney and Wilcoxon) because of the small number of subjects. For univariate analysis, Pearson's correlation test was used for parametric and Spearman's correlation for non-parametric data distribution (the percentage (%) of change in iFGF23 and Klotho). Partial correlations were performed with adjustment as appropriate for various parameters affecting the variables compared (age, sex and puberty). P values !0.05 were considered as statistically significant.
Results
The height of the patients before GH treatment expressed as SDS was K2.36G0.35 S.D., and their height gain after 3 months on GH therapy was 0.12G0.08 S.D. and after 6 months was 0.232G0.09. The biochemical data of the 23 GH-deficient patients before and 3 months after GH treatment are summarized in Table 1 .
After 3 months on GH treatment serum phosphate, ALP levels and TmPO4/GFR were clearly elevated (P!0.0001, P!0.01 and P!0.01 respectively), whereas serum calcium, PTH and 1,25-(OH) 2 vitamin D did not change. The increase in serum phosphate was accompanied by a significant increase in plasma cFGF23 (P!0.01), serum iFGF23 (P!0.0001), sKlotho (P!0.0001) and IGF1 (P!0.0001) (Table 1) (Fig. 1) . The pubertal status did not affect the response to GH treatment, since in both prepubertal and pubertal children, ALP, serum phosphate, TmPO4/GFR, iFG23, sKlotho and IGF1 were increased, whereas serum calcium, PTH and 1,25-(OH) 2 vitamin D did not change. In prepubertal patients, cFGF23 was significantly increased after GH, but in pubertal patients, although it was increased, it did not reach statistical significance. Furthermore, the percentage of phosphate, cFGF23, iFGF23, sKlotho and IGF1 was similar in prepubertal and pubertal children (data not shown). The percentage of iFGF23 increase from baseline (79G23%) was significantly higher than that of cFGF23 (22G6%) (P!0.001).
Serum phosphate was positively related to TmPO4/GFR (rZ0.635; P!0.0001), iFGF23 (rZ0.427; P!0.01) and IGF1 (rZ0.385; P!0.05) when measurements before and after therapy were pulling together and adjusting for age, sex and puberty. TmPO4/GFR was positively correlated with iFGF23 (rZ0.314; P!0.05), IGF1 (rZ0.352; P!0.05), serum calcium (rZ0.337; P!0.05) and height (rZ0.348; P!0.05). The percentage of change (%phosphate) in serum phosphate after GH treatment was negatively related to %iFGF23 change (rZK0.476; P!0.01) and positively to %cFGF23 change (rZ0.501; P!0.01), whereas %iFGF23 and %cFGF23 changes were negatively related (rZK0.448; P!0.05). iFGF23 levels were positively correlated with sKlotho (rZ0.51; P!0.001), IGF1 (rZ0.560; P!0.0001) ( Fig. 2 ) and height SDS (rZ0.543; P!0.0001) (Fig. 3) , and negatively with 1,25-(OH) 2 vitamin D (rZK0.407; P!0.01). The %iFGF23 was positively related to 1,25-(OH) 2 vitamin D (rZ0.558; P!0.01). In contrast, cFGF23 was only associated with ALP (rZ0.449; P!0.01).
sKlotho was positively associated with IGF1 (rZ0.589; P!0.0001) (Fig. 2) , height SDS (rZ0.467; P!0.001) ( Fig. 3 ) and serum calcium (rZ0.318; P!0.05). The percentage of change (%Klotho) in serum klotho was positively related to %IGF1 change (rZ0.468; P!0.05).
Serum IGF1 levels were positively correlated with TmPO4/GFR (rZ0.4; P!0.01), 1,25-(OH) 2 vitamin D (rZ0.330; P!0.05), serum calcium (rZ0.364; P!0.05), ALP (rZ0.393; P!0.01) and height SDS (rZ0.658; P!0.0001).
Discussion
In the present study, we investigated the effect of GH treatment on FGF23 and Klotho serum levels in GH-deficient children. We found that the increase in serum phosphate by GH treatment is accompanied by an increase in the phosphaturic FGF23/Klotho system.
We confirmed the effect of GH on phosphate metabolism, as there was a significant increase of serum phosphate after 3 months of treatment resulting from a simultaneously significant increase in renal phosphate tubular reabsorption. Several studies in children and adults with GH deficiency have shown the same results of GH replacement on phosphate metabolism (9, 10, 11, 18) . One could hypothesize that the GH/IGF1 axis increases serum phosphate by the suppression of the FGF23/Klotho system. However, our data clearly show that the increase in serum phosphate by GH is not mediated through the suppression of the phosphaturic FGF23/Klotho system. Instead, we observed an upregulation of both FGF23 and Klotho. We believe that GH treatment triggers the production of FGF23 as a feedback mechanism for the maintenance of serum phosphate homeostasis which is supported by the positive correlation between serum phosphate, renal phosphate tubular reabsorption and iFGF23 levels. Therefore, the effect of GH treatment on phosphate metabolism is mediated by another mechanism, such as a direct anti-phosphaturic effect of the GH/IGF1 axis which is well-supported in our study by the positive correlation of serum IGF1 with TmPO4/GFR or indirect effect through other unknown factors. However, it remains unclear whether the effect of the GH/IGF1 axis on the TmPO4/GFR is a GH alone or IGF1-driven effect (19) . Our results are in agreement with a similar report in GH-deficient children on GH treatment measuring only plasma cFGF23 levels (14) . Interestingly, despite the higher doses of GH used in this study, almost double compared to our study, the magnitude of cFGF23 rise was similar indicating that the GH effect on cFGF23 is not dose dependent. From both studies, it is clear that the effect of GH on FGF23 is present from the 3rd month of GH therapy and lasts at least until the 8th month, but is unknown how early it appears and whether is sustained as long as GH treatment lasts. Furthermore, our data are supported by similar studies in patients with acromegaly. In this situation, the observed hyperphosphatemia is accompanied by increased levels of FGF23 (12) and Klotho (13) which are significantly decreased after the removal of the adenoma. Therefore, they also showed that the observed hyperphosphatemia is not caused by deficient FGF23/Klotho action.
In our study, we had a more intergraded approach, as we determined simultaneously cFGF23, iFGF23 and Klotho. We used these two different assays for FGF23, the intact Kainos and the C-terminal immutopic, because it has been referred to have the best correlation among other assays (20) . Moreover, these two assays determine different fragments of the FGF23 peptide (intact FGF23 and intact FGF23 plus fragments respectively), which could provide a better understanding of the FGF23 physiology under GH treatment, since there are discrepant results in the literature investigating FGF23 with the C-terminal or the intact assay alone (21, 22, 23) . Furthermore, because of the aforementioned problems with the FGF23 commercially available assays, it is difficult to extrapolate the results from one to the other assay and from one to another study. More importantly, findings from studies in one pathological condition may not reflect the full aspects of FGF23 actions in phosphate homeostasis in another pathological condition or under normal circumstances. We found that iFGF23 was positively correlated to serum phosphate levels and TmPO4/GFR, finding which is in agreement with other studies in children (24, 25) . On the other hand, our GHD patients with the highest %phosphate increase had the lowest %iFGF23 increase, since %phosphate and %iFGF23 were inversely related. This relationship is not contradictory to the serum phosphate Height SDS relationship with iFGF23 (A) and Klotho (B) studied by partial correlation with adjustment for parameters affecting the variables (age, sex and puberty). European Journal of Endocrinology and iFGF23 positive correlation, since the latter shows that iFGF23 increases according to serum phosphate, whereas the %phosphate and %iFGF23 correlation shows that the magnitude of the increase in serum phosphate is negatively related to the magnitude of the iFGF23 increase which is expected, since FGF23 has a phosphaturic action. Interestingly, the %phosphate was positively related to the %cFGF23 increase in contrast to %iFGF23. We do not have a direct explanation for this contradictory from the first glance finding, but it could indicate that as the %phosphate becomes higher, FGF23 becomes more degraded. We based this assumption on the fact that iFGF23 assay determines only intact FGF23, whereas the cFGF23 assay determines both intact and cleaved FGF23, but in vitro studies are needed to investigate this assumption.
In addition to FGF23, serum Klotho was also significantly increased after GH treatment. This is not an unexpected finding, since Klotho controls FGF23 production in mice (26) , acts as a co-receptor for FGF23 (6) and has phosphaturic action independent of FGF23 (27) . Furthermore, in acromegaly, serum Klotho is dramatically increased and returned to normal levels after surgical removal of the GH-producing adenoma (13) . Interestingly, we found a strong correlation between IGF1 and Klotho. We believe that this is not an incidental finding because data in literature support this relationship of IGF1 with the FGF23/Klotho axis (7) in healthy and in short stature children with sufficient and insufficient GH (28) . So far, it is not delineated how Klotho and IGF1 are related and the exact mechanisms. There are indications in literature suggesting a role of Klotho in the regulation of the GH/IGF1 axis: Klotho-deficient mice are smaller than the wild type, and their somatotrophs have reduced number of secretory granules (8); Klotho inhibits IGF1 signaling (29, 30) , and it enhances GH secretion in vitro likely through the suppression of the IGF1 signaling. Therefore, GH treatment could increase Klotho in order to suppress IGF1 signaling, since GH treatment increases the production of IGF1. On the other hand, because GH therapy increases serum phosphate, then the increase of Klotho, like the increase of FGF23, could be a counterregulatory reaction in order to keep serum phosphate levels within the normal limits. Again, similar to FGF23, the increase of serum Klotho after GH treatment is not known if it is a GH or IGF1 direct effect. The fact that even in non-GH-deficient children, IGF1 still correlates with Klotho (24) could support the assumption of an IGF1 rather than a GH direct effect on FGF23/Klotho axis.
As it was expected, height SDS was positively associated with IGF1, but more interestingly, it was also strongly associated with FGF23 and Klotho. The same association has been reported in normal children (7) . This relationship should be seen through the fact that phosphate homeostasis is essential for linear growth and appropriate mineralization of the growth plate; therefore, an intact FGF23/Klotho axis is important. Human genetic disorders reveal the importance of FGF23 and Klotho in normal linear growth (2, 30) . Thus, the positive relation we found between FGF23, Klotho and height SDS most likely reflects the significance of FGF23 and Klotho actions on linear growth.
In summary, we have found that the increase in serum phosphate in GH-deficient children under GH treatment is not associated with suppression but rather than with upregulation of the phosphaturic FGF23/Klotho axis. This most likely reflects a counter-regulatory mechanism in order to maintain a normal phosphate homeostasis. The strong association of Klotho with height SDS and IGF1 could indicate a role of Klotho in linear growth through the regulation of phosphate homeostasis, which is necessary for bone mineralization, or through other mechanisms. Further studies are needed to delineate the interplay between GH/IGF1 and FGF23/Klotho axis.
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